Abstract. This paper presents an investigation on mechanism of the inclined 1 cone penetration test (CPT) using the numerical discrete element method (DEM). 2 A series of penetration tests with the penetrometer inclined at different angles 3 (i.e., 0°,15°, 30°, 45° and 60°) were numerically performed under µ=0.0 and 4 µ=0.5, where µ is the frictional coefficient between the penetrometer and the soil. 5
Introduction

26
The cone penetration test (CPT) is a reliable, fast and relatively economical in-situ 27 test to obtain information about soil stratification and mechanical properties. 28 When the cone-shaped penetrometer is pushed into the ground, the soil 29 experiences the compression, shear deformation and plastic flow, thus making the 30 mechanism of CPT complicated. Many investigations have been performed on the 31 CPT mechanism in the past and they can be attributed to three methods in general: 32
(1) analytical methods: the bearing capacity theory [1] [2] [3] and the cavity expansion 33 theory [4, 5] ; (2) experimental methods: laboratory chamber calibration tests [6, 7] 34 and centrifuge methods [8] ; (3) numerical analysis methods: small strain finite-35 element method [9] , large strain finite-element method [10, 11] , strain path method 36
[12] and the distinct element method (DEM) [13, 14] . Nevertheless, these studies 37 focus on the vertical CPT as an axisymmetric boundary problem. 38
In the in-situ test, due to the presence of existing buildings and 39 infrastructures or lack of access, the CPT technique cannot always be performed 40 in the vertical orientation, thus an inclined CPT is necessarily performed instead. 41
However, it is unclear whether the penetration mechanism of an inclined CPT still 42 keeps the same way in which the vertical penetration behaves. Therefore, a few 43 studies have been performed on the non-vertical penetration mechanism. Among 44 them, Broere [15] performed the CPTs horizontally and vertically in a 2 m rigid 45 wall calibration chamber using a 36-mm cone and showed evident differences 46 between horizontal and vertical CPT measurements. Wei et al. Where w is the water content and w = 0 in the current study as only dry soils 125 are considered; S ρ is the particle density and S ρ = 2600 kg/m 3 . Therefore, given 126 the void ratio, the ground density can be obtained as 2047 kg/m 3 . Thus the 127 relationship between the initial vertical stress and the corresponding depth can be 128 written as 129
The measurement circles were adopted to calculate the average stress from 131 the contact forces between particles with centroids located within the 132 measurement circle. Two factors were considered when arranging the 133 measurement circles: a) the measurement circle should not be too small in size so 134 as to include enough particles to reduce the statistical error; b) the measurement 135 circle should not be too big otherwise the localized characteristics will be 136 smoothed and cannot be clearly discovered. Therefore the diameter of the 137 measurement circle in the current study was chosen to be 0.18 m, which can meet 138 the aforementioned requirements. The vertical and horizontal stresses as obtained 139 in the measurement circles are shown in Fig. 4 to capture the high gradients of variables in the soil near the penetrometer and 155 capable of representing a 'continuum element' from the viewpoint of micro-and-156 macro mechanics. Hence, the width and height of grid was set close to R, which 157 can meet the two aforementioned demands. The grid deformation in the 158 conditions of µ=0.0 and µ=0.5 with inclination of 30° is illustrated in Fig. 5 . Here, 159 the inclination angle was defined as the vertical direction to the central axis of 160 penetrometer. Fig. 5 shows that when the tip is driven into the ground, the 161 penetration results in heaving of the ground surface, which is more remarkable on 162 the left side than on the right side. The grids were stretched vertically on the left 163 side and horizontally on the right side, which indicates that the soils on the left 164 side underwent dilation, while the soils on the right side mainly underwent 165 compaction. Similar phenomenon can be observed for µ=0.5, however, the grids 166 adjacent to the penetrometer and the tip were distorted severely and the initial 167 9 shape can hardly be recognized in the process of penetration. It can be concluded 168 that the effect of friction is particularly evident in the soils adjacent to the 169 penetrometer and the tip. Such case cannot be simulated well by the finite element 170 method, which is only capable of dealing with small deformation problem. 171 Therefore, the CPT simulation using by the distinct element method is of great 172 advantage. two cases were plotted together in Fig.7 to investigate the effect of friction. Figure  186 7 shows that the friction has little influence on soil compaction on the right side. 187
The particles close to penetrometer were dragged down due to the drag force 188 produced by friction and this influence is only significant along the penetrometer. 189
Velocity fields 190
The evolution of maximum particle velocity is shown in Fig. 8 , where each datum 191 plotted represents the maximum particle velocity in the granular ground at the 192 time when the tip reaches specific relative depth during the penetration. Fig. 8  193 shows that when the tip was initially pushed into the ground, the soil particles 194 started to move from a static state, which resulted in an abruptly increase in Fig. 10 , it can be found that soils in the inclined CPT also experience three 214 failure mechanisms successively as the depth increases, i.e., Terzaghi mechanism 215 for shallow penetration followed by Biarez and Hu mechanism for medium 216 penetration, and finally Berezantev and Vesic mechanism for deep penetration. 217
All the three mechanisms are observed on the left side, while only the second and 218 11 third mechanisms are captured on the right side, as seen from Fig. 9(a) to Fig.  219 9(c), since the right-half of the tip disturbs deeper soils than the left-half. In 220 contrast to the perfectly smooth case, particles adjacent to both sides of the 221 penetrometer exhibit relative high velocities due to the effect of friction, while 222 only a very small region is influenced by the penetration. The failure mechanism 223 on the right side retains the same as that in the case of µ=0, while on the left side, 224
Terzaghi mechanism remains for the shallow penetration and then only 225
Berezantev and Vesic mechanism is observed at the medium and deep 226 penetration. 227
Stress rotation and APR 228
Two measurement circles as shown in Fig. 3(b) were arranged to investigate the 229 stress rotation of soil. Three factors were considered in determining the position: 230 1) the observation points should be placed at a depth when the penetration gets 231 steady; 2) the position should be close enough to the central axis in order to 232 capture the features of the stress variation of soils adjacent to the penetrometer; 3) 233 the area covered by the measurement circles should be guaranteed not to be 234 overlapped by the penetrometer when it passes by. As mentioned before, the 235 penetration reached stable soon after the tip is pushed into the ground, thus the 236 locations of the measurement circles at a relative depth y/R=13.5 can ensure a 237 steady penetration before the tip approaches that depth. The other two factors 238 were checked to be reasonable in the simulation process. 239 
where the summation is over the N c particle contacts in a measurement circle. APR is a microscopic kinematic variable to describe the rotation features of 276 particles, which is important but neglected in continuum mechanics. Fig. 11  277 shows that friction has no apparent effect on the rotation rate. Therefore, only two 278
APRs in perfectly smooth penetration are investigated here. It is interesting to 279 note that the sign of APRs are generally the same with the principal stress rotation 280 angles. Moreover, the magnitudes of APRs are closely associated with the rotation 281 angle of the principal stresses. These observations indicate that the continuum-282 based qualities such as the principal stress direction may be related to the micro-283 scale particle behavior to a certain extent, which is worth further study. These observations are consistent with the investigation described in [15] , where 323 the tip resistance measured in the horizontal direction is about 20% larger than 324 that in the vertical. The similar phenomenon observed in DEM simulation and 325 chamber tests can be explained by the soil stress state K 0 =0.58, i.e. the vertical 326 stress is higher than the horizontal stress. Nevertheless, it is evident in the figure  327 that the friction results in higher tip resistance, which can be easily explained as 328 that more energy is required to compensate the work done by the frictional force. 329
Curves shown in Fig. 14 were given to compare the evolution trend, from 330 which it can be easily found that the difference of normalized tip resistance tends 331 to decrease with increasing depth regardless of friction. The relationship between 332 parameters (a,b) and inclination angles is shown in Fig. 15 . In the smooth 333 condition, parameter a has an evident increase as the penetration direction 334 changes from 0° to 60° while in the case of µ=0.5, the value in vertical penetration 335 show some inconsistency. Parameter b also exhibits increasing trend, but on a 336 smaller scale in both cases, also accompanied by inconsistency in the case of 337 vertical penetration when µ=0.5. 338
In addition to the force aligned along the axis of the penetrometer, there is 339 also a force perpendicular to the penetrometer axis as soon as the test is inclined, 340 which is always ignored in the analysis of traditional cone penetration tests as the 341 forces are balanced in axisymmetric condition. However, this force in an inclined 342
